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CHAPTER 5
THK INFLUENCE OF LAKE POWELL ON THE
SUSPENDED SEDIMENT-PHOSPHORUS DYNAMICS
OF THE COLORADO RIVER INFLOW TO LAKE MEAD
T.D. Evans
L.J. Paulson
Lake Mead Limnological Research Center
University of Nevada, Las Vegas
INTRODUCTION
The Colorado River has been successively modified by
the construction of several reservoirs, beginning in 1935
with the formation of Lake Mead by Hoover Dam. These reser-
voirs are located in a chain, and each one has an influence
on the nutrient dynamics and productivity of the river and
downstream reservoir ! 1 J. Lake Mead derives 98$ of its annu-
al inflow from the Colorado River [2J. Historically, the
Colorado River inflow was unregulated into Lake Mead. Regu-
lation occurred in 1963, when Lake Powell was impounded by
the construction of Glen Canyon Dam, approximately 450 km
upstream. The formation of Lake Powell drastically altered
the physical characteristics of the Colorado River inflow to
Lake Mead [lj. Regulated releases from Glen Canyon Dam have
eliminated the spring discharge peaks that historically re-
sulted from spring flooding in the Upper Colorado River
drainage basin. Temperatures in the Colorado River below
Lake Powell have been reduced 5-10°C during the spring and
summer, due to cold hypolimnetic releases from Glen Canyon
Dam. There were also marked reductions in the suspended
sediment loads due to decreases in spring and summer dis-
charge peaks. The turbid overflows that once extended across
the Upper Basin of Lake Mead [3] during spring were not
evident in 1977-78 [2]. The Upper Basin of Lake Mead is now
severely phosphorus deficient, and this appears to have been
caused by reductions in suspended sediment loading [1 J.
Phosphorus has been reported by many investigators as
the most common nutrient limiting phytoplankton productivity
L4j. Phosphorus loading models are generally based on total
phosphorus (total-P), but this fraction may not accurately
reflect the amount of phosphorus available for biological
uptake in turbid river systems [5J. Total-P loading models
greatly overestimate the trophic states in Lake Powell and
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Table I. Morphometric Characteristics of Lake Powell and
Lake Mead.
Parameter Lake Powell
Maximum operating level (m) 1 1 28
Maximum depth (m) 171
Mean depth (m) 51
Surface area (km2) 653
Volume (m3x 109) 33
Maximum length (km) 300
Maximum width (km) 25
Shoreline development 26
Discharge depth (m) 70
Approximate storage ratio (years) 2_
Lake Mead
374
180
55
660
36
183
28
10
100
4
59
Lake Mead [2,6].Little emphasis has been placed on the interaction be-
tween suspended sediments and dissolved inorganic phosphorus
in rivers [7,8]. The removal of inorganic phosphorus by sus-
pended sediment, however, does appear to be a sorption rath-
er than a precipitation process [9J« Loosely bound phospho-
rus on suspended sediments is more readily available than
precipitated phosphorus [lOJ. Wang and Brabec [ll], in their
work on the Illinois River at Peoria Lake, found that dis-
solved inorganic phosphorus was actively adsorbed by sus-
pended sediments. Other workers have also observed this pro-
cess occurring in oxygenated rivers and lakes [l2,13J- Mayer
and Gloss [H] have shown that phosphorus buffering by sus-
pended sediments in the turbid Colorado River is an impor-
tant mechanism for sustaining the dissolved inorganic phos-
phorus pool in Lake Powell. It appears that this same mecha-
nism occurred in Lake Mead when it received turbid inflows
from the Colorado River.The intent of this paper is to discuss the possible ef-
fects that the formation of Lake Powell has had on the sus-
pended sediment-phosphorus dynamics of the Colorado River (,
inflow to Lake Mead. This is based on results from recent
investigations and on preliminary results of research con-
ducted in the late-summer and early-fall of 1981.
STUDY AREA
This study focuses on a 1000 km stretch of the Colorado
River which includes two of the largest reservoirs in the
Western Hemisphere, Lake Powell and Lake Mead (Figure 1).
Comparative morphometric characteristics for the reservoirs
are presented in Table I.Lake Powell was formed by the construction of Glen Can-
yon Dam in 1963- The reservoir covers a 300 km stretch of
Glen Canyon, and is morphometrically complex with over 3000
km of shoreline. The Colorado and San Juan Rivers provide
96$ of the total annual inflow to this reservoir. Approxi-
mately 60% occurs in late-spring and early-summer (May-
July) , as a result of snowmelt [15] from the Upper Colorado
River Basin (Figure 2). Lake Mead is the second of four
major reservoirs on the main stem Colorado River. It is a
large deep-storage reservoir 180 km in length, extending
from the mouth of the Grand Canyon at Pierce Ferry to Hoover
Dam in Black Canyon (Figure 1). The dominant hydrologic in-
put to this reservoir is from the Colorado River which pro-
vides approximately 98% of the total annual inflow. The
Virgin and Muddy Rivers discharge approximately \% into the
Overton Arm of Lake Mead. The remainder is derived from Las
Vegas Wash, a secondarily-treated sewage and industrial
effluent stream from metropolitan Las Vegas, which dis-
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Figure 2. Map of the Colorado River Drainage Basin.
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METHODS
The primary inflows to Lake Powell and Lake Mead were
sampled monthly from August through October, 1981. A com-
posite sample, consisting of several tows with a 3-liter Van
Dorn bottle, was collected from the surface at each station.
River water was analyzed for total-P, total particulate
phosphorus (part-P), and ortho-phosphorus (ortho-P). Ortho-P
was determined by methods described in Kellar, Paulson, and
Paulson [l6j on samples that were filtered immediately upon
collection through 0.45 Mm membrane filters. Some clay-sized
sediment particles may be as small as 0.06 ym in diameter.
However, turbidity measurements using a spectrophotometer
showed no difference between 0.45 ym filtered river water
and a sediment-free distilled water blank. Total-P was
determined by persulfate digestion on unfiltered 50 ml sam-
ples. Total part-P was determined on suspended sediments
collected on 0.4 ym Nucleopore filters. These sediment-fil-
ters were dried, weighed to determine sediment concentra-
tion, and digested in a 50 ml solution of distilled water
and ammonium persulfate. Available sediment-P was also
determined on 0.4 ym Nucleopore filtered samples. The NaOH
extraction technique described by Sagher [17], and Williams,
Shear and Thomas [18] was used to estimate biologically a-
vailable sediment-P. NaOH extractable-P gives an approximate
estimate of the amount of inorganic phosphorus that is bio-
logically available through sorption reactions with suspend-
ed sediments. This fraction includes non-occluded inorganic
phosphorus that is loosely bound to iron and aluminum in
sediments. Much of the work that has been done on suspended
sediment-P dynamics uses only .the total-P fraction in high
sediment:water ratios. High sediment:water ratios are indic-
ative of soils and sediments rather than suspended riverine
sediments [14-]. The estimates of total part-P and available
sediment-P are based on using natural river water, which has
a low sediment:water ratio. The sediment:water ratio appears
to be an important factor influencing sorption reactions by
suspended riverine sediments.
DATA SOURCES
Suspended sediment data for the Grand Canyon gaging
station were derived from "Quality of Surface Waters for the
United States," and discharge data were obtained from "Sur-
face Water of the United States," U.S. Geological Survey
Water-Supply Papers Part 9_. Colorado River Basin (1940-
1970). After 1970, these data were taken from "Water
Resources Data for Arizona or Nevada" prepared jointly by
the U.S. Geological Survey and state agencies.
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RESULTS AND DISCUSSION
Suspended Sediment Loads
Suspended sediment loads in the Colorado River at Grand
Canyon were extremely high prior to the formation of Lake
Powell (Figure 3). In years of high runoff, up to 140 mil-
lion tons per year of suspended sediments flowed into Lake
Mead. The majority of this occurred during the spring runoff
periods (Figure 3). Impoundment of Lake Powell in 1963 re-
sulted in a 70-80$ reduction in suspended sediment loads in
the Grand Canyon (Figure 3). The direct drainage area to
Lake Mead was reduced to a few tributary inputs in Grand
Canyon (Figure 2). The Little Colorado River, which enters
the main stem Colorado River 40 km above the Grand Canyon
gaging station, is now the only appreciable source of sedi-
ments to the river [l9J- Suspended sediment inputs from the
Little Colorado River can be quite high when floods occur,
but annual loading to Lake Mead is still far below that
which occurred in pre-Lake Powell periods (Figure 3).
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Figure 3. Historical Annual and Spring Suspended Sediment
Loads at Grand Canyon Gaging Station. (USGS.Data)
-;: Figure 4. Tot;
Sed:
Sysi
Phosphorus
.•Powell [6] and
"apparent that I
'trap, but also
/ported that ove
•Powell were in
62
Effects on Total-P
Gloss, Mayer, and Kidd [20] demonstrated that total-P
concentrations were closely associated with suspended clays
in river water. A similar relationship has been observed by
other researchers [21 ]. Preliminary measurements made on the
Colorado River above Lake Powell and Lake Mead, and on the
San Juan River inflow to Lake Powell, also show a close cor-
relation between total-P and suspended sediment concentra-
tions (Figure 4). The relationship appears to be linear in
the range of suspended sediment concentrations that occurred
in the Colorado River from August to October, 1981. This re-
search is continuing to determine if the relationship also
holds for other seasons.
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Total-P Concentrations as Related to Suspended
Sediment Concentrations in the Colorado River
System.
Phosphorus budgets were recently determined for Lake
Powell [6] and Lake Mead [22] (Table II). It is readily
apparent that Lake Powell is serving not only as a sediment
trap, but also as a phosphorus sink. Gloss et al. !6] re-
ported that over 95$ of the phosphorus loads entering Lake
Powell were in the particulate form. They further concluded
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that the phosphorus retention coefficients determined for
Lake Powell were among the highest reported to date. This
probably reflects the strong relationship between phosphorus
and suspended sediments in the Colorado River. The phospho-
rus retention coefficients determined for Lake Mead were not
as high as Lake Powell. This was caused by high inputs of
ortho-P from the Las Vegas Wash inflow. Las Vegas Wash forms
a density current in Lake Mead [22j, resulting in a large
percentage of the phosphorus input being loaded into the
hypolimnion. Hoover Dam is operated from a hypolimnion dis-
charge, which rapidly strips phosphorus from the reservoir
[23]. The combination of these two processes greatly reduces
retention of ortho-P and total-P in Lake Mead. However,
Prentki et al. [24] found that total-P in Lake Mead sedi-
ments was high (300-1000 mg/l). Inorganic-P averaged Q6% of
total-P. Measurements made on various phosphorus fractions
in the major river inflows to Lake Powell and Lake Mead also
indicate that the majority of total-P is inorganic-P, bound
to suspended sediments (Table III). This trend was consis-
tent in Lake Mead sediment layers for pre- and post-Lake
Powell periods. There was, however, a 93-5$ decrease in the
phosphorus sedimentation rates in Lake Mead after Lake
Powell was formed [24J> This agrees well with recent work on
Lake Powell [6], where it was estimated that 96.3$ of the
total-P was retained in the reservoir.
Table II. Phosphorus Budgets for Lake Powell and Lake Mead
from Gloss et al. [6~] and Baker and Paulson [22],
Expressed as Flow Weighted Estimates in Metric
Tons Per Year.
Total Dissolved
Location Phosphorus Phosphate Phosphorus
Lake Powell
Colorado River
San Juan River
Other tributaries
Precipitation
Glen Canyon Dam
R
Lake Mead
Colorado River
Las Vegas Wash
Hoover Dam
R
R = Experimenta
5224
785
250
1
229
• 963
199
263
123
.734
lly determined
267
83
15
1
100
.727
56.8
136.6
110.6
.428
retention coefficient
Table III
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Table III. Concentrations of Total-P, Part-P and Part-P
Expressed as a Percentage of Total-P for the
San Juan and Lower Colorado Rivers for August
and September, 1981, in yg/1 (+95% CL).
River
San Juan
L. Colorado
Month
Aug
Sep
Aug
Sep
Total-P
1 149 (±53.6)
124 (± 3-8)
239 ( ± 1 7 . 4 )
77 (± 4 . 2 )
Part-P
1022 (±10 .1 )
100 (±44.2)
268 (±15.0)
70 (± 1 .9 )
% of
Total-P
89
81
1 12
90
Availability of Phosphorus from Suspended Sediment
It has been shown [l4J that the suspended sediments in
the Colorado River inflow to Lake Powell have the capability
of desorbing approximately 20-30 pg/1 of dissolved inorgan-
ic-P. We are currently investigating the suspended sediment-
P dynamics in the Colorado River system above and below Lake
Powell. Our work is in the preliminary stages, and must be
considered on that basis. However, our data thus far agree
with findings of other workers. In general, these data indi-
cate that a small percentage (10-30$) of the total-P is bio-
logically available. Lee, Jones, and Rast [25], in their re-
view of availability of part-P to phytoplankton, have estab-
lished an equation to estimate total available-P. Available-
P = SRP + 0.2 PP>p, where SRP = soluble reactive phosphorus,
and PPT = total part-P. Prentki et al. [24] found that an
average of 9% of the total sediment-P was available. Our
estimates for August and September range from 7.1-19.2? with
a mean value of 11.3$ (Table IV). We also estimated total
available-P on a volumetric basis by combining sediment
available-P with ortho-P values. On a volumetric basis total
available-P represented 7-3$ of total-P, with a range of
1.7-14.1$.
Table IV. Available-P and Total Part-P for the Upper and
Lower Colorado and San Juan Rivers During August
and September, 1981, in yig/1 (±95$ CL).
River
U. Colorado
San Juan
L. Colorado
Month
Aug
Sep
Aug
Sep
Aug
Sep
Part-P
294 (±13.5)
-
72 (± 1.1)
1850 (±15-2)
240 (±18.6)
685 (±99.6) •
Available-P
21.0 (± 5-6)
2.4 (± 0.4)
6.9 (± 0.4)
355 (±43.2)
29 (±28.0)
58.2 (±33.4)
% of
Part-P
7.1
-
9-5
19-2
12.1
8.5
efficient
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Effects on Productivity
The formation of Lake Powell in 1963 resulted in marked
reductions in suspended sediment loading to Lake Mead.
Total-P was reduced accordingly, and the Upper Basin of Lake
Mead has since become severely phosphorus deficient M J.
Phytoplankton productivity in the Upper Basin averaged 4612
mg C/m2-day during the 1955-62 period [24]. Productivity de-
creased to an average of 50? mg C/m2-day after Lake Powell
was formed in 1963- Although only a small percentage of the
total-P in the river inflows is biologically available, the
historic sediment loads (up to 140 million tons per year)
were apparently sufficient to sustain the dissolved inorgan-
ic phosphorus pool, and higher productivity.
ACKNOWLEDGEMENTS
We wish to express our appreciation to several people
for assistance with this paper. We would like to thank
Laurie Vincent and Thorn Hardy for typing the manuscript, and
Sherrell Paulson and Jim Williams for the drawing and photo-
graphing of figures. Also conversations with Richard
Prentki, Penelope Naegle, and John Baker were helpful.
REFERENCES
1. Paulson, L.J. and J.R. Baker. 1981. Nutrient inter-
actions among reservoirs on the Colorado River. Pages
1647-1656 in H.G. Stefan, ed. Symposium on surface
water impoundments. June 2-5, 1980. Minneapolis, MN.
2. Paulson, L.J., J.R. Baker and J.E. Deacon. 1980. The
limnological status of Lake Mead and Lake Mohave under
present and future powerplant operations of Hoover Dam.
Lake Mead Limnological Res. Ctr. Tech. Rept. No. 1.
Univ. Nev., Las Vegas. 229 pp.
3. Anderson, E.R. and D.W. Pritchard. 1951. Physical
limnology of Lake Mead. Lake Mead sedimentation survey.
U.S. Navy Electronic Lab. San Diego, California Rept.
No. 258. 153 pp.
4. Wetzel, R.G. 1975- Limnology. W.B. Saunders Co.,
Philadelphia, PA. 743 pp.
5. Ryden, J.C., R.F. Harris and J.K. Syers. 1973.
Phosphorus in runoffs and streams. Advan. Agron.
25:1-45-
6. Gloss, S.P., R.C. Reynolds, Jr., L.M. Mayer and D.E.
66
marked
f Lake
. The
e under
>ver u.
Kidd. 1980. Reservoir influences on salinity and nutri-
ent fluxes in the arid Colorado River Rasin. Pages
1618-1630 in H.G. Stefan, ed. Symposium on surface
water impoundments. June 2-5, 1980. Minneapolis, MN.
7. Taylor, A.W. 1967. Phosphorus and water pollution. J.
Soil Water Conserv. 5:228-231.
8. Shukla, S.S., J.K. Syers, J.D.H. Williams, D.R.
Armstrong, and R.F. Harris. 1971. Sorption of inorganic
phosphate by lake sediments. Soil Sci. Soc. Amer. Proc.
35:244-249-
9. Patrick, W.H. 1974- Phosphate release and sorption by
soils and sediments: Effect of aerobic and anaerobic
conditions. Science 186:53-55.
10. Harter, R.D. 1968. Adsorption of phosphorus by lake
sediment. Soil Sci. Soc. Amer. Proc. 32:514-518.
11. Wang, W.C. and D.J. Brabec. 1969. Nature of turbidity
in the Illinois River. J. Amer. Water Work Assoc.
3:42-48.
12. Latterell, J.J., R.F. Holt and D.R. Timmons. 1971.
Phosphate availability in lake sediments. J. Soi. and
Water Cons. 26:21-24.
13. Kunishi, H.M. and A.W. Taylor. 1972. Immobilization of
radiostrontium in soil by phosphate addition. Soil Sci.
113(0:1-6.
14.
16.
Mayer, L.M. and S.P. Gloss. 1980. Buffering of silica
and phosphate in a turbid river. Limnol. Oceanogr.
25:(1)!2-22.
lorns, W.V., C.H. Hombree and G.L. Oakland. 1965- Water
resources of the Upper Colorado River Basin. Tech.
Rept. U.S. Geol. Surv. Prof. Pap. 441. 370 p.
Kellar, P.E., S.A. Paulson and L.J. Paulson. 1980.
Methods for biological, chemical and physical analysis
in reservoirs. Lake Mead Limnological Res. Ctr., Tech.
Rept. No. 5- Univ. Nev., Las Vegas. 234 pp.
17. Sagher, A. 1976. Availability of soil runoff phosphorus
to algae. Ph.D. thesis, Univ. Wisconsin-Madison. 192
pp.
18. Williams, J.D.H., H. Shear and R.L. Thomas. 1980.
67
Availability to Scenedesmus quadricauda of different
forms of phosphorus in sedimentary materials from the
Great Lakes. Limnol. Oceanogr. 25(0:1-11-
19. Cole, G. and D.M. Kubly. 1976. Limnological studies on
the Colorado River from Lees Perry to Diamond Creek.
Colorado River Research Program. Tech. Kept. No. 8.
Grand Canyon National Park Report Series. 88 pp.
20. Gloss, S.P., L.M. Mayer and D.E. Kidd. 1980. Advective
control of nutrient dynamics in the epilimnion of a
large reservoir. Limnol. Oceanogr. 25(1):219-229-
21. Schreiber, J.D., D.L. Rauch and A. Olness. 1980. Phos-
phorus concentrations and yields in agricultural runoff
as influenced by a small flood retention reservoir.
Pages 303-313 rn H.G. Stefan, ed. Symposium on surface
water impoundments. June 2-5, 1980. Minneapolis, MN.
22. Baker, J.R. and L.J. Paulson. 1980. Influence of Las
Vegas Wash density current on nutrient availability and
phytoplankton growth in Lake Mead. Pages 1638-1647 in
H.G. Stefan, ed. Symposium on surface water impound-
ments. June 2-5, 1980. Minneapolis, MN.
23- Paulson, L.J. 1981. Nutrient management with hydro-
electric dams on the Colorado River system. Lake Mead
Limnological Res. Ctr. Tech. Rept, No. 8. Univ. Nev.,
Las Vegas. 39 PP«
24- Prentki, R.T., L.J. Paulson and J.R. Baker. 1980.
Chemical and biological structure of Lake Mead
sediments. Lake Mead Limnological Res. Ctr., Tech.
Rept. No. 6. Univ. Nev., Las Vegas. 89 p.
25. Lee, G.F., R.A. Jones and W. Rast. 1980. Availability
of phosphorus to phytoplankton and its implications for
phosphorus management strategies. Pages 259-307 in R.C.
Loehr, C.S. Martin, W. Rast, eds. Phosphorus Management
Strategies for lakes. Ann Arbor Science Publishers,
Inc.
Te
Canyon,
symposi
of his
set up
boat, f,
and the
recover
Te
suspendi
inflows
researc!
Center ;
Powell,
inary re
Tei
Biology
Biology
Ter
already
efforts
was a sp
Professi
continue
68
